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Highly strained and nearly pseudomorphic BiFeO 3 epitaxial films were deposited on LaAlO 3 and TbScO 3 substrates, respectively. The symmetry of the tetragonal-like BiFeO 3 films is discussed based on polarisation dependent Raman measurements and on the comparison with Raman spectra measured for rhombohedral films deposited on TbScO 3 . The evaluation of ellipsometric spectra reveals that the films deposited on LaAlO 3 are optically less dense and the features in complex dielectric function are blue-shifted by 0.3 eV as compared to the rhombohedral films. Optical bandgaps of 3.10 eV and 2.80 eV were determined for the films deposited on LaAlO 3 and TbScO 3 , respectively. The shift in the optical bandgap and dielectric function is nearly preserved also for thicker films, which indicates that the compressive strain is retained even in films with thicknesses above 100 nm as was confirmed also by XRD investigations. V C 2015 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4905443] BiFeO 3 (BFO) is one of the multifunctional materials that was intensively studied in the last decade due to its multiferroic properties at room temperature (RT).
1,2 Bulk BFO shows a distorted perovskite structure with rhombohedral symmetry (R3c) and the polarisation along a h111i pseudocubic (pc) direction. Considering the eight pc equivalent directions, one can get eight degenerate states for the polarisation. In thin films, the polarisation can be increased by strain engineering of the domains. 3 This has been achieved by depositing BFO films on substrates with reduced symmetry (such as rare earth scandates), 4 or using substrates with off-cut, and/or with a large lattice mismatch with respect to BFO, for example, LaAlO 3 (LAO). BFO thin films grown on LAO substrate showed interesting properties, such as an enhanced electromechanically response, 5 giant polarization, 6 multiferroic phase transition at RT, 7 and a persistent photoconductivity. 8 These properties open doors to applications in many fields. 9 Such tetragonal-like (T-like) highly strained BFO thin films are experimentally stabilised by epitaxial and pseudomorphic growth on LAO substrates. 10, 11 A highly strained structure with c/a ratio of 1.3 and five-fold-coordinated Fe atoms has also been predicted using DFT calculations when the compressive strain is larger than 4%.
12 Subsequent studies revealed the structure of such highly strained films to be monoclinic (M c ), which is different from the M A structure observed in BFO films grown on SrTiO 3 substrates. 13 Despite intensive research, the structure and microstructure of such T-like BFO films are still under debate. [14] [15] [16] Raman spectroscopy, which is a very sensitive local probe of the lattice dynamics, can contribute to solve part of the structure-related open questions. [17] [18] [19] In this work we use Raman spectroscopy for the characterisation of strain stabilised T-like films of BFO with different thicknesses that are grown on LAO. Henceforth we compare the results with those obtained for the relaxed and rhombohedral BFO films deposited on TbScO 3 (TSO) substrates. Considering the photovoltaic 20 and linear electro-optical effects 21 reported for BFO films, and their possible integration in oxide-based solar cells, the knowledge of the dielectric function and optical bandgap of the T-like BFO is crucial. The complex dielectric function and the optical bandgap of these films are derived from spectroscopic ellipsometry measurements.
BFO films were deposited on (001) pc LAO and (110) TSO substrates using pulsed laser deposition. An excimer laser with a fluency of 0.35 J/cm 2 , focused on BFO stoichiometric ceramic target was employed and the substrates were kept at 650 C during deposition. High resolution X-ray diffraction (HRXRD) experiments were performed on an URD6 diffractometer at 0.154056 nm (CuKa1 radiation), with a monochromator (perfect (111)-oriented dislocationfree Si single-crystal) in the primary beam, and with a 0.13 wide slit in front of the point detector. The ellipsometry measurements were performed at several angles of incidence using an M-2000 Woollam ellipsometer. Raman spectroscopy was performed at RT using a Horiba Jobin Yvon HR 800 spectrometer. The 442 nm line of a HeCd laser was used for excitation, the light being focused and collected through a 100Â magnification objective (ca. 1 lm focus size). The laser power was kept below 1 mW in order to avoid changes in the Raman spectra induced by the laser heating.
In Figure 1 , atomic force microscopy (AFM) images of a thin (ca. 29 nm) and a thick (ca. 118 nm) film deposited on LAO substrate are shown. The thin film exhibits a smooth topography ( Fig. 1(a) ) with lattice planes high terraces of ca. indicating a high quality layer-by-layer growth. In the thick film ( Fig. 1(b) ), the morphology shows stripe-like features, which can be attributed to a partial relaxation of the strain and consists of a mixture of monoclinic phases. 5 The corresponding height profile along the trace line is shown in the lower part of Fig. 1 
(b).
In Figure 2 (a), the cross section HRTEM micrographs of the interface region of a 118 nm BFO film grown on LAO substrate are displayed. The image shows a sharp interface indicating an epitaxial growth of the BFO film on LAO substrate. The h-2h XRD pattern of a 118 nm thick BFO film grown on LAO substrate ( Fig. 2(b) ) exhibit the (002) pc reflections of the BFO film and the (002) LAO substrates. For reference, the XRD pattern from a 43 nm thick BFO film deposited on TSO substrate is also plotted. The peak from the BFO film deposited on TSO appears as a shoulder at 2h $ 45.3 close to the TSO substrate peak at 2h $ 45.9 . This is due to the similar pc lattice parameters of bulk BFO and TSO. On the other hand for the BFO film deposited on LAO substrate, the peak of the film is down shifted to 2h $ 38.5 in comparison with the substrate peak 2h $ 48 . This reflects the presence of a large compressive strain in the film and yields to an out-of-plane lattice parameter of c ¼ 4.67 Å for the BFO/LAO film and a lattice parameter for LAO of 3.80 Å . Previous investigations of the reciprocal space mapping (RSM) on similar films 8 showed that the inplane lattice parameters of the BFO films on LAO are nearly equal to that one of the LAO substrate. This allows to determine an equivalent tetragonality ratio of $1.23 for the highly strained BFO films. Additionally, the RSM demonstrates a three-fold splitting of the (103) pc peak of the BFO films, 8 which is characteristic for the M c structure. 13, 22 The tilting or rotation of the oxygen octahedra has been proposed as a possible mechanism, which allows the accommodation of large strain. 12, 23 As a result, the strain can persist in films over larger values of thickness. 13 This mechanism also seems to be dominant in the case of our 118 nm thick BFO film deposited on the LAO substrate. Henceforth, in this work, the BFO films deposited on TSO substrates will be referred as R-like films, because of the good match of the lattice parameter with those of bulk rhombohedral BFO (pc lattice parameter: 3.965 Å ). 24 The films deposited on LAO will be referred to as T-like, because of the large c/a ratio, although, and as discussed previously, they demonstrate an M c structure. In order to probe the lattice dynamics in the T-like BFO phase, we employed Raman spectroscopy.
The Raman spectra of the samples were measured in backscattering configuration for parallel (zðy; yÞ z) and cross polarisation (zðy; xÞ z). z indicates the direction of the laser which was parallel to the [001] pc LAO direction or to the [110] orthorhombic direction of TSO. y was the direction of the incident polarisation (parallel to [100] pc LAO or [-110] TSO), while the scattered radiation was detected either parallel on the y direction, or perpendicular along the x direction (parallel to [010] pc LAO or [001] TSO) for the cross polarisation. The Raman spectra of the LAO and TSO substrates were measured separately, using the same scattering configuration, scaled at the same intensity with the spectra of film/ substrate, and subsequently subtracted from these spectra.
In Figure 3 , the subtracted Raman spectra of BFO in BFO/LAO and BFO/TSO samples are shown for both parallel and cross polarisation configurations. In the region below 250 cm
À1
, the stronger peaks of the R3c BFO phase appear 25, 26 at 137 cm
, 173 cm À1 , and 219 cm
, which are attributed to vibrations that involve Bi and Fe atoms. 27 These peaks change their relative intensities and are clearly blue shifted by 6-8 cm À1 in the case of T-like BFO, which can indicate a larger compressive strain. Moreover, new modes, from which the strongest are at 263 cm used by Iliev et al. 17, 22 to demonstrate monoclinic (Cc) symmetry. Tetragonal symmetries could be excluded because in that case a smaller number of phonons would be expected.
The Raman spectra of the T-like BFO show a strong polarisation dependence. In order to follow this polarisation dependence in detail, we performed measurements for the thicker T-like BFO film, by azimuthally rotating the samples in 15 steps around the z direction (laser) for both parallel and cross polarisation configurations. The spectra obtained were fitted using Gauss functions for each phonon mode. Some of the modes (at 179 cm ) show a remarkable dependence of their intensity on the azimuthal angle for both parallel and cross polarisation configurations. In particular, we show in the inset of Fig. 3 , the strong angular dependence of the intensity of the 367 cm À1 mode for the cross polarisation, which indicates a very good in plane orientation of the Tlike BFO films.
Because of the lack of T-like BFO single crystals, and therefore lack of measurements done on different scattering surfaces, the complete assignment of all modes cannot be resolved solely from the measurements discussed here. However, based on the Raman tensor of the Cc monoclinic structure and on the symmetry considerations of Iliev et al., , and 225 cm À1 indicate an A" symmetry for these modes. Special attention should be paid to the mode at 691 cm
, which has the highest frequency reported for modes of BFO and is absent in rhombohedral BFO films. This mode was proposed to be a hallmark of high tetragonality (c/a ratio). 28 It should relate to a vibration involving O-atoms 27 and could be a signature of the five-oxygen coordination of Fe (as FeO 5 pyramids, and not FeO 6 octahedras). 12 Such a change in oxygen coordination in the T-like phase should modify the electronic structure which implies also changes in the dielectric function. We used ellipsometry to measure the complex dielectric function of the T-like BFO phase.
Ellipsometry measures the changes of the polarisation of light after reflection on the investigated sample in form of W and D ellipsometric parameters. Analytic expressions for calculating W and D as functions of dielectric function and layer thickness can be found in standard textbooks, e.g., Azzam et al. 29 In Figure 4 (a), the ellipsometric spectra measured at different angles for a BFO thin film deposited on LAO substrate are shown by symbols. The in-plane rotation of the sample brought the same spectra. Considering that the light spot on the sample (ca. 1 mm) is much larger than the ferroelectric domains, we used an isotropic model for evaluation of the optical response of the film.
The measured W and D spectra depend on the thickness of the films, and on the dielectric function of both film and substrate. The complex dielectric functions of the TSO and LAO were a priori determined from measurements performed on bare substrates. Using the predetermined dielectric functions of the substrates, the ellipsometric spectra of the BFO films/substrate were evaluated. The absorption free range below 2.2 eV was used first for an initial estimation of the film thicknesses using a Cauchy dispersion relation for the refractive index. In order to extract the dielectric response of the BFO films from the ellipsometric data, a three-layer optical model consisting of ambient air/film/substrate was used. A sum of three Gauss oscillators was used to simulate the optical response of the BFO films. Gauss oscillators 30 of the form
produce a line shape in the imaginary part of the complex dielectric function e 2 , with a Kramers-Kronig consistent line shape for e 1 , where A n , E n , and B n , are the amplitude, energy, and broadening, respectively. The unknown parameters in the model were adjusted in order to get the best match between the model and the experimental data by a fitting procedure, which minimizes the mean square error. The results of the fit: thickness, energy, amplitude, and broadening of the Gauss oscillators for the three BFO films are summarised in Table I . The error bars in determination of thickness are given in Table I , while for all other fit parameters the error bars are lower than 0.03. The fits obtained for the 118 nm thick BFO film on LAO substrate are shown by continuous lines in Fig. 4(a) together with the experimental data (symbols). The calculated real and imaginary parts of the complex dielectric function for all three investigated films are shown in Fig. 4(b) . The imaginary part of the BFO complex dielectric function of the BFO/TSO film is dominated by two absorption peaks at $3.1 eV and $4.3 eV assigned to charge transfer excitation. 31 These peaks are blue-shifted in the case of both BFO/LAO films, which induce an overall shift of the complex dielectric function by ca. 0.3 eV to higher energies. Such a large shift cannot be explained only as a strain (elastic) effect and indicates that the T-like BFO phase has a different electronic structure reflected in the different complex dielectric function as compared to R-like BFO films. A similar effect was reported in the case of T-like BFO films deposited on YAlO 3 and on LAO for films with thickness below 30 nm. 32, 33 In our case the blue-shift of the complex dielectric function is nearly completely preserved also for the 118 nm thick film on LAO, which means that this thick film is still highly strained, as confirmed by XRD measurements. In the absorption free region below 2 eV, the real part of the complex dielectric function for the R-like BFO is larger than of the T-like BFO, which implies that the T-like phase is optically less dense than the R-like phase. Our results are in line with second harmonic generation studies on T-like BFO films. 34 The weak absorption band at 2.5 eV present in all investigated films was previously attributed to defect states. 35 Our T-like films exhibited sub-band gap levels around 2.5 eV in the photoelectrical measurements. Interestingly, these levels were found to be active at RT and thus are apparently capable of affecting the conduction mechanism. 8 The dotted line at 2.33 eV indicates the position of the 532 nm laser line used as excitation for Raman measurements.
The onset of absorption region was analysed in order to determine the energy of the direct optical bandgap using the proportionality a Á E $ ðE À E g Þ 1 2 = , where a ¼ ð4pk=kÞ is the absorption coefficient and E g is the energy of the direct optical bandgap. 36 In Figure 4 (c), ða Á EÞ 2 is plotted versus photon energy. The linear extrapolation to zero absorption leads for R-like BFO to an optical bandgap value of 2.80 eV and for the thin and thick T-like films to values of 3.10 eV and 3.05 eV, respectively. The 0.3 eV blue shift observed in the dielectric function is also evident for the optical bandgap. Previous ellipsometric investigations show the invariance of the bandgap for R-like BFO films deposited on SrTiO 3 or LSAT substrates. 37 However, a moderate compressive strain, as in the case of BFO films deposited on SrTiO 3 , was found to blue shift the optical bandgap and the complex dielectric function by 0.05 eV in comparison with BFO films deposited on DyScO 3 . 38 In this paper, the shift in the complex dielectric function and optical bandgap of the T-like BFO is much larger as compared with R-like BFO films. This shift is slightly reduced in the 118 nm film to about 0.25 eV, which suggests that the thick film is probably containing a small fraction of R-like phase or other monoclinic phases, but still highly strained (predominantly T-like). A larger blue shift of the optical bandgap of about 0.4 eV, for T-like BFO films deposited on YAlO 3 (where the compressive strain is larger than in the case of LAO) was determined by Chen et al. 32 and was attributed to structural strain and local symmetry breaking. In the inset of Fig. 4(c) the absorption coefficient determined by direct numerical inversion (point-by-point fit) of the ellipsometric data, keeping the thickness fixed, is shown. Although this method does not insure the KramersKronig consistency of the complex optical constants, it confirms the blue shift of 0.3 eV. In summary, Raman studies confirmed very good epitaxy of the T-like BFO films grown on LAO substrates, reflected by the remarkable azimuthal/polarisation dependence of the Raman spectra. The larger numbers of phonons observed in the spectra of T-like BFO films as compared with that of R-like BFO films is consistent with a Cc monoclinic structure, with a large tetragonal c/a ratio. The complex dielectric function of T-like and R-like BFO films was determined using spectroscopic ellipsometry. An overall blue shift by ca. 0.3 eV of the complex dielectric function of the T-like BFO films was determined, these films being also optically less dense than R-like BFO films. The direct optical bandgap of T-like BFO was determined to be 3.10 eV, which is blue-shifted by 0.25-0.3 eV as compared with R-like BFO, slightly depending of the film thickness.
